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ABSTRACT: Despite the many advantageous characteristics of an
excellent photocatalyst for large-scale applications, some critical
challenges still hinder the prospects of titanium dioxide. While
judicious doping and nanoscale fabrication offer logical avenues for
improvement, most of these methods require complex processes
under demanding conditions, which are undesirable for scale-up. In
the work reported here, highly monodisperse spherical nano-
particles of undoped, singly doped (NTO and TTO), and dually
doped (NTTO) anatase TiO, using niobium and tantalum as
dopants were prepared by scalable methods under mild conditions.
The doped TiO, nanoparticles showed reduced band gap energies
and adjustable suppressions of the rate of electron—hole
recombination, with the largest reductions observed for the
heretofore unreported dually doped NTTO nanoparticles. Furthermore, the introduction of Nb and/or Ta dopants into the
TiO, lattice also substantially improved the photocatalytic hydrogen evolution rates and quantum yields, with the NTTO
nanoparticles achieving the highest performance in both metrics. Importantly, all these nanoparticles maintained high stability after
multiple photocatalytic hydrogen evolution test cycles, indicating that doped TiO, nanoparticles have significant potential for use in
photocatalytic fuel generation and related optoelectronic applications.
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B INTRODUCTION the successful incorporation of various dopants into TiO,
nanomaterials to achieve optical and electronic properties
: - . .15 16
required for applications in photocatalysis, ~ photovoltaics,
17,1 A . .
and optoelectronics. Despite advances in synthetic
methods, such as solvothermal,'”*’ sol—gel,ZI’22 hydrother-
mal,*® molten salt flux,** and electrochemical techniques,23 for
producing doped TiO, nanoparticles, these methods often
require complex and demanding conditions. Niobium (Nb)-
and tantalum (Ta)-doped TiO, films, which possess high
26,27 26,28
conductivity”””’ and visible transparency, have emerged as
promising alternatives to indium tin oxide (ITO) for
transparent conducting oxide (TCO) applications.””** This
enhancement in conductivity,””** especially when coupled
with the high surface area of nanoscale structures,®” is also
advantageous for photocatalysis and gas sensing applications.

The rapidly growing demand for sustainable energy sources
and increasing environmental concerns about fossil fuels have
spurred the development of efficient and abundant photo-
catalysts for solar-powered hydrogen generation.' Since the
seminal report by Fujishima and Honda in 1972, semi-
conductor titanium dioxide (TiO,) has been extensively
studied for its ability to convert solar radiation into high-
energy-density fuels, such as hydrogen, which produces
minimal polluting byproducts (e.g., water).” ® Although
TiO, possesses numerous advantages including high stability,”
nontoxicity,” and material abundance, its large band gap energy
requiring UV light for activation’ and high electron—hole
recombination rate’ remain major challenges for large-scale
applications. Advances in nanoscience and technology have
highlighted the potential of nanoscale structures for catalytic
applications due to their high surface-to-volume ratio and
quantum confinement effects,'’ offering new avenues to
overcome these challenges.

Doping has been recognized as an effective strategy to
reduce the band gap and enhance the absorption coeflicients of
semiconductors.’' Numerous studies have demonstrated'*™"*
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Scheme 1. Synthesis of TiO,, NTO, TTO, and NTTO Nanoparticles”
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“Abbreviations: TBOT: titanium(IV) butoxide, Nb(OEt),: niobium (V) ethoxide, Ta(OEt);: tantalum(V) ethoxide, NTO: niobium-doped TiO,,
TTO: tantalum-doped TiO,, NTTO: niobium/tantalum-codoped TiO,.

However, the synthesis of Nb->>"*° and Ta-doped®>*° TiO,
nanoparticles often involves challenging synthetic procedures
or fails to ensure precise control over nanoparticle properties.
Recently, several encouraging results have been reported by
other researchers for Nb-doped TiO, and Ta-doped TiO,
nanoparticles.”*’ ™’ However, the fabrication of highly
uniform nanoparticles with homogeneous spherical morphol-
ogy and monodisperse particle size for doped TiO, remains a
significant challenge. Therefore, there is a critical need to
develop more facile methods for producing Nb-, Ta-, and other
element-doped TiO, nanoparticles that are suitable for scaling
up with monodisperse quality. Moreover, codoping TiO, with
multiple elements has been shown to not only reduce the band
gap but also enhance the optical properties, providing
significant benefits for solar-powered applications.""***!

In this report, we developed a rapid, facile, and scalable
(gram-level) synthesis method for doped particle catalysts.
Specifically, we report the synthesis of anatase TiO, nano-
particles doped with various combinations of Nb and Ta,
including undoped TiO,, singly doped such as Nb-doped TiO,
(NTO), Ta-doped TiO, (TTO), and the previously
unreported Nb/Ta codoped TiO, (NTTO), as specified in
Scheme 1. These nanoparticles were synthesized via a
controlled hydrolytic process under mild conditions, yielding
highly monodisperse, spherical nanoparticles with uniform
dopant distribution within the crystalline matrix. Notably, by
adjusting the concentrations of Nb and Ta dopants, we
successfully controlled the electron—hole recombination rates
in TiO,, with the NTTO nanoparticles showing the most
pronounced suppression. Furthermore, Nb and Ta doping
decreased the optical band gap of TiO, nanoparticles, with the
largest reduction observed in the dually doped NTTO
particles. Photocatalytic hydrogen generation studies in the
absence of any cocatalyst, such as Pt, Pd, and Ru, showed
significant increases in hydrogen evolution rates for the doped
doped compared to the pristine TiO, nanoparticles.
Beneficially, the doped TiO, nanocatalysts also exhibited a
high degree of photostability in cyclability tests. Overall, the
enhanced hydrogen evolution rates, combined with the good
scalability and mild conditions of the synthetic methods,
endow the NTO, TTO, and NTTO nanoparticles with great
potential for photocatalytic fuel generation. Additionally, the
tunable photoluminescence (PL) responses and optical band
gaps of these doped nanoparticles broaden their applicability to

4842

optoelectronic,42 photovoltaic,43 gas sensing,44 or biomedical®®
applications.

B EXPERIMENTAL SECTION

Materials. Titanium(IV) butoxide (97% purity, TBOT), niobium-
(V) ethoxide (99.95% purity, Nb(OEt);), tantalum(V) ethoxide
(99.98% purity, Ta(OEt);), and anhydrous ethylene glycol (99.8%
purity) were purchased from Sigma-Aldrich. Lutensol ON 70 was
obtained from BASF SE Inc. Anhydrous ethanol (200 proof) was
purchased from Decon Laboratories Inc. Deionized water with a
resistivity of 18.2 MQ-cm was obtained from the Milli-Q Academic
water system from Millipore Corporation. Sodium hydroxide was
purchased from Macron Fine Chemicals. Ultrahigh purity compressed
argon gas was purchased from Matheson Tri-Gas Inc. All glassware
was cleaned with piranha solution (3:1 concentrated sulfuric acid:
30% hydrogen peroxide) and aqua regia solution (3:1 concentrated
hydrochloric acid: nitric acid) for at least 1 h, then dried in an oven at
150 °C and allowed to cool prior to use.

Synthesis of Nanoparticles. Scheme 1 outlines the synthetic
strategy and subsequent heat treatment for TiO,, NTO, TTO, and
NTTO nanoparticles. To prepare the stock solutions, 100 uL of
TBOT, 10 uL of Nb(OEt), and 10 uL of Ta(OEt) were each mixed
with 10 mL of fresh anhydrous ethanol, respectively. The reaction
conditions for synthesizing both undoped and doped TiO, nano-
particles are summarized in Table S1.

Synthesis of TiO, Nanoparticles. The formation of TiO,
nanoparticles was achieved by hydrolyzing TBOT in an ethanolic
solution containing Lutensol ON 70 surfactant and carefully
controlling the water content in the reaction mixture. Initially, 352
HuL of 0.1 M Lutensol ON 70 was mixed with 14 mL of anhydrous
ethanol and heated to 75 °C for 15 min (mixture A). An aliquot of 1
mL TBOT stock solution was then added to mixture A, followed by
the addition of 400 uL of deionized water. This mixture was kept at
75 °C for 2 h under vigorous magnetic stirring. Within 10 min of
adding deionized water, the solution changed from transparent to
translucent, indicating the nucleation of TiO, nanoparticles. After 2 h
of stirring at 75 °C and subsequent cooling to room temperature for 1
h, the fully grown nanoparticles were collected by centrifugation at
7000 rpm for 15 min. The nanoparticles were then washed with
deionized water and centrifuged four times to remove any residual
reagents. Finally, the nanoparticles were redispersed in ethanol for
storage.

Synthesis of Niobium-Doped TiO, (NTO) Nanoparticles. Nb-
doped TiO, can be prepared by concurrent hydrolysis of TBOT and
Nb(OEt); in an ethanolic solution. For a typical synthesis aiming for
2 atom % Nb doping, 319 uL of 0.1 M Lutensol ON 70 ethanolic
solution was mixed with 13 mL of anhydrous ethanol and heated to
75 °C for 1S min (mixture B). Subsequently, a mixture of 1 mL of
TBOT and 0.588 mL of Nb(OEt); stock solution was injected into
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Figure 1. (a) SEM image and (b) size distribution of TiO, nanoparticles.
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mixture B, followed by the addition of 400 L of deionized water after
1 min. Within 15 min, the solution became translucent, indicating the
formation of NTO nanoparticles, which were fully grown after 2 h of
heating at 75 °C. After cooling to room temperature for 1 h with
vigorous stirring, the nanoparticles were collected by centrifugation at
7000 rpm for 1S min. The concentration of Nb doping can be
controlled by adjusting the ratio of TBOT to Nb(OEt)s.

Synthesis of Tantalum-Doped TiO, (TTO) Nanoparticles. The
synthesis of TTO nanoparticles was achieved through the concurrent
hydrolysis of TBOT and Ta(OEt); in ethanol. To prepare TTO
nanoparticles with doping concentration of 4 atom % Ta, a mixture
containing 350 L of 0.1 M Lutensol ON 70 ethanolic solution and
12.5 mL of anhydrous ethanol was heated to 75 °C for 15 min
(mixture C). Following this, a mixture of 1.5 mL of TBOT and 1 mL
of Ta(OEt); stock solution were then injected into mixture C,
followed by the addition of 400 L of deionized water after 2 min.
Within 15 min of water addition, the solution became translucent,
indicating the initiation of TTO nanoparticle formation. The reaction
was maintained at 75 °C for 2 h, allowing the nanoparticles to fully
grow. After cooling the solution to room temperature for 1 h with
continuous stirring, the nanoparticles were collected by centrifugation
at 7000 rpm for 15 min. The concentration of Ta doping can be
adjusted by varying the ratio of TBOT to Ta(OEt)s.

Synthesis of Niobium/Tantalum-Codoped TiO, (NTTO) Nano-
particles. TiO, nanoparticles codoped with Nb and Ta (NTTO)
were synthesized through concurrent hydrolysis of TBOT, Nb(OEt);,
and Ta(OEt);. In a synthesis aimed at achieving maximum doping
levels simultaneously of both Nb and Ta, a mixture containing 25 mL
of fresh anhydrous ethanol and 640 uL of 0.1 M Lutensol ON 70
ethanolic solution was heated to 75 °C for 25 min (mixture D). Then,
a solution consisting of 3 mL of TBOT, 1.765 mL of Nb(OEt)s, and 2
mL of Ta(OEt); stock solutions was well mixed and injected into
mixture D, with 0.8 mL of deionized water added after 2 min. The
solution became translucent within 15 min, indicating the nucleation
of NTTO seeds. The hydrolysis reaction proceeded for 2 h at 75 °C.
The nanoparticle solution was subsequently cooled to room
temperature for 1 h and the nanoparticles were isolated by
centrifugation at 7000 rpm for 15 min.

Heat Treatment of Nanoparticles. The synthesized undoped and
doped TiO, nanoparticles are amorphous and can be transformed
into the crystalline anatase phase through proper heat treatment.
Initially, the nanoparticles were washed five times with centrifugation
at 7000 rpm for 15 min each cycle and then dispersed in ethanol in a
clean 20 mL glass vial. The dispersion was dried at 70 °C overnight in
an oven. The glass vial containing the dried amorphous nanoparticles
was then placed in a preheated furnace and subjected to heat
treatment at 400 °C for 3 h. After cooling to room temperature, the
now crystallized anatase TiO, nanoparticles were redispersed in
deionized water using sonication for 60 min.

Characterization Methods. All synthesized nanoparticles were
imaged using a LEO-152S5 scanning electron microscope (SEM)
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operating at 15 kV and 5.5 mm working distance. For SEM analysis,
samples were drop-cast onto clean silicon surfaces and then dried at
60 °C for 2 h prior to imaging. The size distributions of the
nanoparticles were determined by dynamic light scattering (DLS)
using a Malvern Zetasizer ZEN3600, employing a 10 mW, 632.8 nm
laser. The Zetasizer ZEN3600 was also utilized to measure the {
potentials of the nanoparticles using a DTS1070 folded capillary zeta
cell. For both DLS and { potential measurements, all nanoparticle
samples were dispersed in deionized water supplied by the Milli-Q
Academic water system. Crystallinity was assessed with an X'Pert
powder X-ray diffractometer (XRD) with a Cu Ka X-ray source at 45
kV and 30 mA across a 26 range of 20 to 80°. The XRD data were
analyzed using PANalytical HighScore Plus software after background
signal subtraction. Crystallite sizes were calculated using the Scherrer
equation, based on peak positions and the full width at half-maximum
(fwhm) provided by the software. For XRD analysis, highly
concentrated nanoparticle solutions were drop-cast onto amorphous
glass slides and dried at 60 °C for 2 h. Elemental composition was
investigated via energy-dispersive X-ray spectroscopy (EDX) using a
JEOL JEM-2010 FX scanning transmission electron microscope
(STEM) operating at 200 kV. Samples for EDX were prepared on
300-mesh holey carbon-coated copper grids and dried at 60 °C for 4
h. Surface elemental measurements were performed with a PHI X-ray
photoelectron spectroscopy (XPS) system, featuring a monochro-
matic Al Ka X-ray source with an emission current of 10 mA and a 15
kV emission bias. The C 1s peak was used for calibration. XPS
samples were prepared by depositing highly concentrated nanoparticle
solutions onto clean silicon wafers and drying at 60 °C for 6 h. Optical
properties were analyzed through diffuse reflectance spectra (DRS)
obtained with a Cary 5000 UV—vis—NIR spectrometer from Agilent
Technologies. Photoluminescence measurements were conducted
using a PerkinElmer LS-55 fluorescence spectrometer with an
excitation wavelength of 350 nm, employing a 430 nm high-pass
optical filter to minimize spectral noise.

Photocatalytic Hydrogen Generation Test. Photocatalytic
hydrogen evolution reaction (HER) tests for the nanoparticle samples
were conducted using a custom-made system with a customized pico
solar simulator from G2 V Optics serving as the illumination source.
The hydrogen generated was detected by a GOW-MAC series 400-P
thermal conductivity gas chromatograph equipped with an 8 ft X 1/8
in stainless steel column packed with 3 A molecular sieves. The
temperatures for the column, detector, and injector were set at 80,
120, and 120 °C, respectively. Ultrahigh purity argon in a pressurized
gas cylinder was used as the carrier gas for the chromatography
system. In a typical test, 20 mg of nanoparticles were dispersed in 10
mL of a 10% ethylene glycol aqueous solution, which had been
adjusted to pH 11, in a customized glass reaction flask. This solution
was then purged with ultrahigh purity compressed argon gas for 15
min before being illuminated by the solar simulator. The amount of
gas produced was monitored by a digital pressure transducer
connected to the reaction flask. Gas samples were extracted through
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a sampling port and analyzed with the GOW-MAC gas chromato-
graph, using a 0.5 mL Hamilton glass syringe for sampling. We note
that without ethylene glycol, no hydrogen was generated. For the
cyclability tests, the nanoparticle photocatalyst was collected by
centrifugation at 7000 rpm for 15 min and rinsed three times with
deionized before being reused in subsequent cycles.

B RESULTS AND DISCUSSION

Synthesis and Morphological Analysis of the Nano-
particles. We developed a convenient one-step wet chemistry
method for synthesizing undoped and doped TiO, nano-
particles (Scheme 1). The resulting nanoparticles are sphere-
like with average sizes of ~118 nm for TiO, (Figure 1a), ~106
nm for NTO, ~98 nm for TTO, and ~104 nm for NTTO
(Figure Sla—c), respectively. The nanoparticle size can be
tuned by adjusting the concentrations of the stock solutions.
Additionally, the synthesized nanoparticles are highly mono-
disperse, as evidenced by the DLS size distribution profiles in
Figures 1b and S1d—f, which corresponds well with the
morphologies observed in the SEM images. It has been found
critical to preheat the mixture of ethanol and Lutensol ON 70
at 75 °C for 10—15 min to achieve a high degree of
monodispersity. This preheating step accelerates the hydrolytic
reaction and increases the TiO, concentration rapidly, leading
to supersaturation.46 This process minimizes the nucleation
period and effectively separates nucleation from growth,
resulting in a narrower size distribution of the nanoparticles.”’
While temperatures above 75 °C might further enhance
supersaturation and monodispersity, we chose 75 °C to avoid
the need for a condenser, which could alter solution
concentrations over time and introduce potential contami-
nants. For doped TiO, nanoparticles, reducing the surfactant
and increasing the precursor quantities were necessary to
match the sizes as undoped variants. This adjustment likely
compensates for the lattice strain introduced by doping atoms,
which makes the formation of doped TiO, seeds more
challenging than undoped ones.** This nucleation hurdle,
marked by a longer time for the solutions to turn translucent,
can be overcome by adjusting the reactant concentrations as
previously mentioned. Importantly, this synthesis process can
be scaled up 10-fold without significantly affecting the
morphological characteristics of the nanoparticles.

Effect of Nb and Ta Doping on TiO, Nanoparticle
Surface Charge. Doping TiO, with Nb did not significantly
change the surface charge magnitude of NTO (—16.3 mV)
when compared to undoped TiO, (+16.8 mV). However, Ta
doping markedly increased the { potential magnitude of TTO
(—22.8 mV) and NTTO (—32.6 mV) as indicated in Table S2.
This increase in the { potential magnitude enhances the
colloidal stability of these nanoparticles. Moreover, doping
with Nb and Ta shifted the { potentials of the doped TiO,
nanoparticles to negative values, contrary to the positive value
observed in undoped TiO,, exhibiting the impact of doping on
surface charge polarity (Table S2). This shift from positive to
negative enhances the electrostatic attraction of protons (H*)
to the reaction sites on the surfaces of the doped TiO,
nanoparticles. As a result, the doped TiO, nanoparticles
demonstrated heightened photocatalytic activities compared to
their undoped counterparts, particularly evident in hydrogen
evolution reactions, which will be discussed in detail
subsequently in the manuscript. These findings are in
alignment with previously reported studies,*”** supporting
the beneficial effects of doping on photocatalytic performance.
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Overall, our synthesis methods have produced highly
monodisperse, spherical undoped, Nb-doped, Ta-doped, and
Nb/Ta codoped TiO, nanoparticles, ranging in size from ~98
to ~118 nm. Importantly, the doped nanoparticles exhibited
more negative surface charges and higher surface charge
magnitudes compared to the undoped TiO,, offering potential
advantages for photocatalytic and various other applica-
tions.*”>"

Crystallographic Analysis. Powder X-ray diffraction
(XRD) measurements were performed on the crystallized
nanoparticle samples to elucidate their crystalline character-
istics (Figure 2). The XRD pattern of anatase TiO,
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Figure 2. Powder XRD patterns of TiO,, TTO, NTO, and NTTO
nanoparticles with reference lines of anatase TiO,.

nanoparticles displayed distinct peaks at 26 angles of 25.25,
36.90, 37.76, 38.52, 47.91, 53.89, 54.95, 62.01, 62.60, 68.77,
70.77, and 74.95°. These peaks correspond to the (101),
(103), (004), (112), (200), (105), (211), (213), (204), (116),
(220), and (215) crystallographic planes, respectively,
confirming the presence of the anatase phase of TiO,
(JCPDS no. 21—1272). For the doped nanoparticles, including
TTO (4 atom % Ta), NTO (2 atom % Nb), and NTTO (4
atom % Ta and 2 atom % Nb), the XRD patterns showed
similarities to those of undoped TiO, nanoparticles (Figure 2
and Table S3). This resemblance is attributed to the minimal
differences in atom radii between Nb, Ta, and Ti, which result
in negligible lattice distortion and, consequently, an insignif-
icant shift in diffraction peaks. Furthermore, the incorporation
of dopants into the TiO, lattice at low concentrations means
any potential peak shifts fall within the range of instrumental
error. Crystallite size calculations for all nanoparticles, derived
from the XRD data using the Scherrer equation, are presented
in Table S4. The crystallite size of undoped TiO, nanoparticles
was ~40 nm, while TTO, NTO, and NTTO nanoparticles
exhibited smaller crystallite sizes of ~33, ~25, and ~15 nm,
respectively. These results are consistent with the observed
lower intensities and broader, less distinct XRD peaks for
doped nanoparticles when compared to undoped TiO,. This
indicates the difficulty of the nucleation process due to the
inclusion of dopant atoms into the TiO, lattice, as discussed in
the synthesis process above.

Compositional Analysis of Doped TiO, Nanoparticles.
The compositional characteristics and elemental distributions
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Figure 3. (a) STEM image of a NTTO nanoparticle and its STEM-EDX elemental maps for (b—e) titanium, oxygen, niobium, and tantalum.
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Figure 4. X-ray photoelectron spectra for (a) titanium, (b) oxygen, (c) niobium, and (d) tantalum in NTTO nanoparticles.

of the doped nanoparticles were determined by energy-
dispersive X-ray spectroscopy in conjunction with a scanning
transmission electron microscope (STEM-EDX). The STEM-
EDX spectra of all doped nanoparticles exhibited characteristic
peaks for titanium (Ti Ka and Ti Lar) at 4.508 keV and 0.452
keV, respectively, along with oxygen (O Ka) peak at 0.525 keV
as shown in Figure S2—4. For NTO nanoparticles, the niobium
(Nb Ka and Nb La) peaks were detected at 16.581 keV and
2.166 keV, respectively (Figure S2). Tantalum (Ta Ka and Ta
M) peaks at 8.145 keV (this peak appeared as the shoulder to
the more prominent Cu Ko at 8.041 keV) and 1.709 keV were
identified in the TTO nanoparticle spectrum (Figure S3). In
the NTTO nanoparticles, the characteristic peaks for both
niobium (Ta Ka and Ta La) and tantalum (Ta Ka and Ta M)
were all present at their respective energies, as shown in Figure
S4. Additionally, peaks corresponding to copper (Cu Ka and
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Cu La) at 8.041 keV and 0.931 keV, and a prominent carbon
(C Ka) peak at 0.278 keV, were also observed, which can be
attributed to the copper grid on carbon films used for sample
preparation in the STEM-EDX analysis.

The STEM-EDX elemental mapping was conducted for
NTTO (Figure 3a—e), NTO (Figure SS), and TTO (Figure
S6) nanoparticles to evaluate the dopant distributions within
the doped TiO, structures. These elemental maps confirmed
the successful and uniform incorporation of Nb and Ta
dopants into the TiO, nanoparticles. Notably, the atomic
concentrations of NTTO nanoparticles closely matched those
in the singly doped NTO and TTO nanoparticles (Table SS).
This finding highlights the effectiveness of our synthetic
process in controlling dopant compositions, even for the dually
doped NTTO nanoparticles. Such consistent and uniform
doping results require thorough premixing of TBOT with
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Figure 5. Photoluminescence spectra of (a) NTO, (b) TTO nanoparticles at various dopant concentrations, and (c¢) NTTO nanoparticles at 2
atom % Nb/4 atom % Ta.

Nb(OEt);, and Ta(OEt); in the same solution before the PL signal intensity increased again. These findings suggest

introducing it to the preheated ethanol/Lutensol ON 70 a direct correlation between the doping concentrations and

mixture. This preparatory step is crucial for achieving reliable electron—hole recombination rates in TiO,, likely due to a

doping outcomes. decrease in oxygen vacancies and defects in the host material
X-ray Photoelectron Spectroscopy Analysis of Doped upon doping,”* which could significantly impact its photo-

TiO, Nanoparticles. To complement the study on dopant catalytic efficiency.

characteristics, X-ray photoelectron spectroscopy (XPS) was For NTO nanoparticles, it was observed that the PL signal

employed to confirm the incorporation of Nb and Ta into the decreased proportionally with increasing Nb concentration,

TiO, lattice. The XPS results for NTTO (Figure 4a—d), NTO achieving a 25% reduction in signal intensity at the 2 atom %
(Figure S7), and TTO (Figure S8) nanoparticles revealed O 1s Nb threshold as shown in Figure 5a and Table S6. However,

peaks at ~530 eV, indicative of oxygen, as well as Ti 2p;/, and upon increasing the doping level to 3 atom % Nb, the PL signal
Ti 2p,, peaks at ~458.5 and ~464.3 eV, respectively, reduction decreased to 14%, suggesting a reversal in the trend.
confirming the presence of titanium. The Nb 3d;,, and Nb This change might be due to the formation of a different
3d;,, peaks observed at 207.4 and 210.1 eV, respectively, verify phase®® with a higher electron—hole recombination rate or the
the inclusion of Nb into the TiO, lattice. Similarly, the creation of new recombination centers,” induced by excess
presence of Ta was confirmed by Ta 4f,,, and Ta 4f;,, peaks, doping levels. A similar pattern was noted for TTO
which were detected at their characteristic binding energies of nanoparticles, where the maximum PL signal reduction of
26.7 and 28.5 eV, respectively. 22% occurred at 4 atom % Ta doping, as shown in Figure Sb
The atomic concentrations for dopant elements were and Table S6. These reductions in electron—hole recombina-
calculated for all samples of doped TiO, nanoparticles. The tion rates through Nb and Ta doping make NTO and TTO
results showed high consistency with the data obtained from nanoparticles more promising for various photocatalytic and
EDX not only for NTO and TTO but also for NTTO optoelectronic applications. Based on the identified doping
nanoparticles, as shown in Table S5. This consistency indicates thresholds of 2 atom % Nb and 4 atom % Ta, the synthesis
that the dopant atoms were uniformly incorporated through- conditions for NTTO nanoparticles were optimized to explore
out the nanoparticles. Significantly, such verification ensures a the combined effects of Nb and Ta doping on TiO,
predictable relationship between the elemental ratios in the nanoparticles. Remarkably, the NTTO nanoparticles codoped
starting materials and the elemental compositions of the with 2 atom % Nb and 4 atom % Ta exhibited a higher
synthesized nanoparticles. This predictability is crucial for reduction in the electron—hole recombination rate, with a 30%
tailoring the nanoparticles to achieve desired properties, which reduction in the PL signal intensity compared to 25% for NTO
will be further discussed below. with 2 atom % Nb and 22% for TTO with 4 atom % Ta,
Photoluminescence Spectra of Doped TiO, Nano- respectively (Figure Sc and Table S6). This synergistic effect of
particles. In semiconductor nanomaterials, the recombination multiple dggpants has been observed in other material systems
of electron—hole pairs is a critical factor influencing their as well,””*® suggesting that the incorporation of multiple
photocatalytic activity.” The energy emitted during this elements with different atomic radii could introduce additional
recombination process can be captured by photoluminescence lattice stress in the host TiO, material, potentially leading to
(PL) spectroscopy, where the signal intensity serves as an more defects. This hypothesis is supported by the notably
indicator of the electron—hole recombination rate within the smaller crystallite sizes of NTTO observed in XRD analysis,
semiconductor nanostructure.” To ensure a consistent and which could prolong the electron—hole recombination process.
accurate assessment of doping effects on the electron—hole As shown in Table S4, the incorporation of Ta and Nb dopants
recombination rate, the PL spectra of the nanoparticles were into the TiO, lattice led to a reduction in average crystallite
normalized based on particle concentration and volume. The size. Despite maintaining the same overall particle size, the
observed PL peak at ~525 nm aligns with previous studies on smaller crystallites might have caused the photogenerated
TiO, photoluminescence.’ > We noted a trend where PL electrons and holes to travel and scatter through an increased
signal intensities decreased with increasing doping concen- number of crystallite interfaces. This effect likely reduced their
trations, reaching minimum intensities at doping thresholds of probability of recombination, leading to the observed decrease
2 atom % for Nb and 4 atom % for Ta (Figure Sa—b). in the PL signal. Interestingly, the correlation between smaller
Interestingly, beyond these thresholds, such as at 3 atom % Nb, crystallite sizes and the reduction of electron—hole recombi-
4846 https://doi.org/10.1021/acsanm.5c00391
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Figure 7. (a) Hydrogen evolution rates of TiO,, NTO, TTO, and NTTO nanoparticles and (b) their cyclability in photocatalytic hydrogen

evolution.

nation processes were consistently observed in various types of
semiconducting materials, such as TiO,,>’ perovskite,60 and
BiVO,." The capability to modulate the PL signal through
controlled dopant concentrations using the facile synthetic
method further expands the utility of NTO, TTO, and NTTO
nanoparticles for advanced applications. With their optimized
electron—hole recombination rates, NTO (2 atom % Nb),
TTO (4 atom % Ta), and NTTO (2 atom % Nb and 4 atom %
Ta) nanoparticles will be subjected to further studies to
evaluate their optical properties and photocatalytic hydrogen
evolution performance in subsequent sections of this report.

Band Gap Analyses for Doped TiO, Nanoparticles.
The optical band gaps (E,) of undoped, singly doped, and
dually doped TiO, nanoparticles were determined using diffuse
reflectance spectroscopy (DRS) absorbance measurements,
applying the Tauc eq (eq 1) for indirect band gap materials,**
with r = 2, where r represents the power factor in the equation,
«a is the absorption coeflicient, hv denotes the incident photon
energy, E; is the optical band gap, and A is a proportional
constant. The equation is as follows

ohv = A(hv — Eg)' (1)
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Solid-state DRS measurements were conducted on dried
nanoparticles to obtain the absorption spectra across the UV—
vis-NIR range. As illustrated in Figure 6a, the absorption
spectra for TiO,, NTO, TTO, and NTTO nanoparticles
showed slight shifts in the positions of absorption peaks for all
doped samples, with the most pronounced shift observed in
NTTO nanoparticles compared to undoped TiO, counter-
parts. For a more detailed analysis, Tauc plots of (ahv)"/?
versus photon energy (hv) were generated as shown in Figure
6b. These plots revealed shifts toward lower energy levels,
aligning with the shifts toward longer wavelengths in the
absorption spectra (Figure 6a), indicating changes in the
optical band gaps with doping.

The optical band gap of anatase TiO, nanoparticles was
found to be 3.27 eV, which is slightly larger than bulk anatase
TiO,* as anticipated due to the quantum confinement effect
often observed in nanoscale semiconductors. The introduction
of Nb and Ta dopants into TiO, nanoparticles resulted in a
decrease in the optical band gaps to 3.15 eV for TTO, 3.02 eV
for NTO, and 2.90 €V for NTTO, respectively (Figure 6b).
This reduction in the optical band gap can be attributed to the
inclusion of dopants introducing either donor or acceptor
levels in the band gap region of the metal oxide semi-
conductors, effectively narrowing the band gap.®* Interestingly,
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Table 1. Optical Band Gaps, Hydrogen Evolution Rates, and Apparent Quantum Yields of TiO,, NTO, TTO, and NTTO

Nanoparticles
TiO,
band gap (eV) 3.27 £ 0.02
H, evolution rate (#mol/g.,./h) 281 + 5§
AQY* (%) 218 + 023

“AQY calculated at 365 nm.

NTO TTO NTTO
3.02 + 0.03 3.1 + 0.02 2.90 + 0.02
815 + 72 687 + 49 1168 + 66
428 + 0.26 3.69 + 0.28 6.74 + 031

the simultaneous doping of Nb and Ta into the TiO, lattice led
to a further reduction in the band gap energy of the NTTO
nanoparticles, enhancing their efficiency in harvesting the
center part of the solar spectrum. As shown in Figure 6b, the
dopant elements influenced the Tauc plot to shift toward lower
energies, which in turn extended the absorption tails of the
nanoparticles (Figure 6a). The observed effects of dopants on
the optical properties (photoluminescence, band gap) in our
doped TiO, system have been reported in other doped TiO,
system,'" reinforcing the validity of our study while providing
new insights into the synergistic effects of a dual-doping
system.

Photocatalytic Hydrogen Evolution. The photocatalytic
performance of undoped, singly doped, and dually doped TiO,
nanoparticles for hydrogen evolution reaction (HER) was
evaluated in a basic environment at 25 °C under a simulated
solar illumination. The commonly used test medium for
hydrogen evolution, consisting of a 10% aqueous solution of
ethylene glycol, is employed, with ethylene glycol serving as
the sacrificial agent. Gas chromatography confirmed the
hydrogen gas production, with the results presented in Figure
S9. The amounts of hydrogen produced over time by TiO,,
NTO, TTO, and NTTO nanoparticles are shown in Figure 7a,
demonstrating that the hydrogen evolution rates for these
samples remained consistent for at least 5 h. The hydrogen
evolution rate for undoped anatase TiO, was ~281 ymol/g,./
h, and doping enhanced this rate to ~687 umol/g./h for
TTO, ~815 umol/g.,./h for NTO, and ~1168 umol/g.,./h for
NTTO, respectively (Figure 7b). Hence, compared to
undoped TiO,, the photocatalytic hydrogen evolution rates
for TTO and NTO nanoparticles increased by ~2.4, ~2.9
times, respectively. Notably, the dually doped NTTO nano-
particles showed a hydrogen evolution rate ~4.2 times higher
than that of undoped TiO,, indicating a substantial improve-
ment. This rate was also 70 and 43% higher than those for
TTO and NTO nanoparticles, respectively. These enhance-
ments can be attributed to a synergistic effect arising from the
reduced band gap energies, facilitating greater photon
absorption at wavelengths closer to the center of solar
spectrum, coupled with the decreased electron—hole recombi-
nation rates observed in the doped nanoparticles. We note also
the possible contribution of crystallite size, where the data in
Table S4 and Figure 7 show a correlation between small
crystallite size and hydrogen evolution. However, the
introduction of dopants is highlighted as the most significant
factor. The incorporation of Ta and Nb dopants creates
multiple donor energy levels below the conduction band of
pristine TiO,, significantly facilitating electron transitions from
the valence band to the conduction band.®>~%” This results in a
higher generation rate of charge carriers and an enhanced
hydrogen evolution reaction.

The apparent quantum yields (AQYs) for each nanoparticle
sample tested in the photocatalytic hydrogen evolution were
also calculated at 365 nm for all four testing nanoparticles.
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Details about AQY calculation can be found in the Supporting
Information. With enhanced hydrogen evolution rates by the
presence of the dopants, the AQYs of TTO, NTO, and NTTO
were significantly increased to ~3.69, ~4.28, and ~6.74%,
respectively, from ~2.18% of pristine anatase TiO, as shown in
Table 1. Thus, these results pinpointed that the doped
nanoparticles were able to utilize the incident photons more
effectively for hydrogen generation than the undoped TiO,
nanoparticles.

Cyclability tests were also carried out on the same
nanoparticle samples to evaluate their photocatalytic stabilities.
Specifically, the nanoparticles were collected, washed, and
reused after each photocatalytic hydrogen evolution test.
Notably, all the nanoparticles remained highly stable after five
test cycles, as shown in Figure 7b. The results showed almost
no change in hydrogen evolution performance, indicating that
the nanoparticles did not undergo significant alterations as a
result of the catalytic reaction. The minor variations of the
evolved hydrogen fell within experimental and instrumental
errors (e.g, the testing process involved several transferring
steps, which might have slightly reduced the actual amount of
nanoparticle catalyst in each subsequent cycle). Thus, both the
optical property analyses and hydrogen evolution studies have
demonstrated significant enhancements in the Nb-, Ta-, and
especially the Nb/Ta codoped TiO, nanoparticles, enabling
them for scale-up applications in photocatalytic hydrogen
generation. Moreover, the applicability prospect of the doped
TiO, can even be further boosted by hybridizing with suitable
plasmonic nanostructures.”®

Finally, it is worth noting that the TiO, photocatalysts in our
study demonstrated superior hydrogen evolution performance
without requiring cocatalysts to enhance the kinetics of redox
reactions or facilitate electron transfer. The best performance
was achieved by our uniquely dually doped titanate nano-
particles, NTTO, with a hydrogen evolution rate of 1168
pumol/g/h. We envision that our work is the first to report
highly uniform singly and dually doped TiO, nanoparticles for
HER. Therefore, comparisons with other studies on Ta- and
Nb-doped TiO,, which exhibit varying levels of nanoparticle
quality, are arguably irrelevant. Consequently, no direct
comparison with other similar doped TiO, nanoparticles for
HER will be made here. Recently reported TiO,-based
nanostructured catalysts, supported by cocatalysts such as a-
MoS,/TiO, or heterojunction structures such as TiO,@g-
C;N,, exhibited lower hydrogen evolution rates.””’’ These
observations suggest that further loading of efficient cocatalysts
onto our highly uniform NTTO nanoparticles could further
enhance their performance, potentially achieving competitive
photocatalytic efficiency. These findings point to a promising
pathway for future research in designing high-performance
hydrogen evolution catalysts.
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B CONCLUSIONS

This work demonstrates a reliable and convenient wet
chemistry approach for synthesizing highly monodisperse
undoped, singly, and dually doped anatase TiO, nanoparticles
with with Nb and/or Ta as dopants. The introduction of Nb
and Ta dopants effectively suppressed electron—hole recombi-
nation rates. Singly doped nanoparticles showed optimal
recombination suppression at doping levels of 2 atom % Nb
and 4 atom % Ta, leading to PL signal reduction of 25 and
22%, respectively. In dually doped nanoparticles, a further
reduction to 30% was observed with codoping of Nb (2 atom
%) and Ta (4 atom %). The optical band gap of undoped TiO,
nanoparticles, at 3.27 eV, was significantly narrowed to 3.15 eV
for TTO and 3.02 eV for NTO, with the most substantial
reduction observed in NTTO nanoparticles at 2.90 eV.
Importantly, photocatalytic hydrogen evolution tests revealed
enhanced hydrogen evolution rates, which are 2.4 times
(TTO), 2.9 times (NTO), and 4.2 times (NTTO) higher than
that of undoped TiO, nanoparticles. Moreover, all nanoparticle
variants maintained high stability after multiple photocatalytic
hydrogen evolution test cycles. The notable improvements in
hydrogen evolution rates, particularly for the dually doped
nanoparticles, along with the scalability and mild conditions
used in the synthetic methods, render these doped TiO,
nanoparticles promising for fuel generation and other photo-
catalytic applications. Additionally, their tunable PL responses
and optical band gaps extend their potential to optoelectronics
and gas sensing applications.
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